The charge transfer doping in metal wire-carbon nanotube junctions has been demonstrated to be important before. In this paper, we investigate the effect of contact geometry, metal work function and insulator dielectric constant on the charge transfer doping into a nanowire channel. We then explore the effect of charge transfer doping on the operation of nanowire transistors. We show that the nanowire transistors with large gate underlap can still deliver an appreciable amount of on-current, which provides a possible explanation for a recent experiment by Javey et al. At the same time, charge transfer doping also imposes constraints on the transistor design.
INTRODUCTION
Transistors with one-dimensional nanowire channels have been widely studied due to their promising roles in future electronic systems [ 1-31. Electrostatics plays an essential role in device physics and performance capabilities of these nanowire transistors, so understanding electrostatics for the one-dimensional channel geometry becomes important. Previous studies showed that the electrostatic behaviors of the nanowire M / S junctions is significantly different fi-om bulk junctions [4, 5] . For example, the charge transfer doping in M / S junctions is significant and extends deep into the semiconductor.
In this paper, we fwst extend those studies by looking at the dependence of charge transfer doping on the metal contact geometry, Metal work knction and insulator dielectric constant. We then investigate the effect of the charge transfer doping on transistor operation. As an example of transistors with one-dimensional channel geometry, we studied carbon nanotube transistors (CNTFETs), but the qualitative conclusions apply to other nanowire transistors, such as Si nanowire transistors. We show that if an intrinsic carbon nanotube (CNT) is attached to the bulk metal contacts at two ends, the charge transfer doping density strongly depends on the contact-CNT work function difference. In contrast, if the CNT is attached to the one-dimensional wire contacts, charge transfer essentially depends on the electrostatic environment (potential on the nearby bulk electrodes). We also show that low metal work function and high-K insulator help the electron transfer doping. Significant charge transfer ffom the bulk contacts to the CNT affects transistor operation. For example, CNTFETs with large gate underlap may still deliver a considerable amount of on-current. On the other hand, in order to effectively deplete the charge spilled into the channel by the source/drain electrodes, the gate oxide must be thin.
APPROACH
We simulated both the two terminal metal-CNT-metal junction and the carbon nanotube transistors as shown in Fig. 1 . A coaxial gate geometry is assumed, because it offers the best gate controlled electrostatics. For the two terminal devices, we put a coaxial gate cylinder far way (with a radius much larger than the tube length) to mimic the electrostatic environment (for example, the ground plane or the nearby metal contacts). In equilibrium, the charge density per unit length on the nanotube, Q,(z), is obtained by a semiclassical approach,
where e is the electron charge, sgn(E) is the sign function, .) The Netwton-Ralphson iteration is then applied to solve the obtained non-linear Poisson equation. For the method of moments [7] , the metal contacts, gate cylinder and tube are first divided into small cylindrical elements, the electrostatic Green's function is then computed analytically [8] . The potentials of the metal electrodes and the charge on the nanotube are inputted, the potential of the nanotube is solved. The iteration process between eqn.
(1) and (2) continues until self-consistency is achieved. The results obtained by the fmite difference method and the method of moments agree well.
RESULTS
Fig. 2 compares the equilibrium band diagrams of the metal-silicon-metal junction and the metal-nanotube-metal junction (as shown in Fig. la) . The bulk metal contacts are assumed to have a zero Schottky barrier heights for electrons thus tend to transfer electrons into the 3 p n -long semiconductor channels. Compared to the bulk Si channel, the charge transfer doping from the contacts into the nanotube is much more significant. Although the nanotube is 3 p long, the doping density at the center of the tube is still as high as 104el atom, 5 orders of magnitude higher than that of the bulk Si in terms of doping fraction. The high charge transfer doping into the long CNT channel is largely due to the one-dimensional channel geometry, and the high-K insulator also facilitates the charge transfer doping. Compared to the bulk Si, interface charge on the one-dimensional tube is low dimensional and the potential produced by those charge decays rapidly with distance [9] . Because the screening of the low-dimensional interface charge on external potential is ineffective [lo], the metal contacts essentially function as the "side gates" for the whole long tube. The high-K insulator increases the capacitance between the tube and the metal contacts, which further helps charge transfer. In contrast, the interface charge in Si effectively screens the metal-Si work function difference, thus the charge density at the center of the Si channel is much lower. Fig. 3 demonstrates the important role of the contact geometry on the charge transfer doping. We simulated two cases: (1) a CNT attached to bulk contacts (Fig. la) and (2) a CNT attached to wire contacts (Fig. lb) . In both cases, we assume that the metal contacts have a zero barrier heights for electrons and tend to dope the whole tube to ntype. We also put a coaxial gate cylinder far away, which is biased at a negative gate voltage ( VG = -E, 12e ) and tends to compete with the meal contacts and dope the tube to p-type. For the bulk contact case, the metal contacts at two ends win and the whole tube is doped to n-type, but for the wire contact case, the gate cylinder wins and the whole tube is doped to p-type, although the gate cylinder is far away. The reason is explained as follows. For the bulk contact case, because the gate cylinder is much farer away from the tube, almost all charge on the tube images on the metal contacts rather than the gate cylinder. As the result, charge density on the tube is almost independent on the gate cylinder voltage. In contrast, for the wire contact case, the potential produced by charge on the one-dimensional metal contacts decays rapidly with distance ( l l z for the point charge). Several nanometers away from the metal-CNT interface, the charge on the wire contacts has little effect on the potential of the CNT. The capacitance coupling between the tube and the gate cylinder, however, decay slowly (logarithmically) with the gate radius. In the central part of the CNT, the charge on the tube images on the gate cylinder far away rather than the wire contact nearby. The charge density, therefore, is determined by the potential on the gate cylinder. 3 The equilibrium band diagram for a CNT with bulk contacts as shown in Fig. la (the solid lines) and a CNT with one-dimensional wire contacts as shown in Fig. lb (the dashed lines) . The radius of the gate cylinder R=30pn and the gate is biased at Vc =-E, 12e . The Schottky barrier height for electrons is assumed to be zero. The nanotube diameter is d=2nm and the insulator dielectric constant E = 25 .
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We next compute the charge density at the center of the tube due to the charge transfer doping. The electron density is where U. = qjcNr -qj ,,, is the CNT-electrode work function difference, is the average DOS . U is the electron potential energy due to the charging of the CNT, where C is the electrostatic capacitance between the tube and the bulk electrode that collects the field lines from the tube. The electron density is solved from eqn. (3) and (4) ,
where CQ = e 2 0 is the CNT quantum capacitance [ 1 1,121
For the device in Fig. la, lowering the Schottky barrier height increases U0 in eqn. (5), which results in a larger electron density on the tube as shown by Fig. 4. Fig.  5 shows another way to enhance carrier transfer doping by using high-K insulator, which increases the electrostatic capacitance between the contacts and the tube ( C in eqn.
(5)). One consequence of the contact doping on the transistor operation is that CNTFETs with large gate underlaps [ Fig. 6a ] may still deliver a considerable amount of on-current. Fig. 6b shows the band diagram of a coaxially gated CNTFET with a 3,um -long intrinsic CNT channel and 5OOnm gate underlaps. A large barrier is created under the gate and the channel is depleted at Vc = 0. The potential profile of the ungated part is linear, similar to the potential between two parallel metal plates. Increasing the gate voltage to VG = 0.2V pushes down the barrier under the gate, as well as the barrier in the ungated regions. The potential profile at the 5OOnm-long ungated region is still close to linear and effectively modulated by the gate. The charge in the ungated regions is still not large enough to effectively screen the potential produced by the bulk electrodes, but it is large enough to deliver an oncurrent of -5OOnA. This observation provides a possible explanation of how the n-type transistor operates in a recent experiment [ 11.
On the other hand, charge transfer doping also imposes constraints on transistor design and scaling. Low metal-nanotube barrier height and high-K insulator are preferred for delivering more on-current, but charge transfer doping fkom sourceldrain contacts is severe under these conditions. One concern is that it is difficult to turn off CNTFETs due to the charge spilled into the channel from the S / D contacts. possible explanation for how the n-type CNTFET operates in a recent experiment by Javey et. al. The significant charge transfer doping also makes nanowire transistors with the thick gate oxide difficult to be turned off, thus thin gate oxide is essential.
